ABSTRACT Multicomponent low molecular weight gels are useful for a range of applications.
the gels, with the storage or loss modulus being very dependent on the absolute ratio of the two components in the system.
Introduction
Low molecular weight gels have been used for a wide range of applications, including directing cell growth, optoelectronics, and controlled release. [1] [2] [3] [4] [5] Most commonly, a single low molecular weight gelator (LMWG) is used to form the network. However, there is increasing interest in using multicomponent networks. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Multicomponent self-assembled gels are a method of increasing the complexity, tuning the properties, and possibly information content into a network. [22] [23] [24] [25] However, little is known about what properties are possible. For example, it is clear that mixing two gelators, both of which can independently lead to a gel network, can lead to either self-sorted or intimately mixed structures ( Fig. 1) . [6] [7] The properties of the final gel will be controlled by the properties of the fibres that give rise to the network, as well as how the fibres entangle or crosslink and how the fibres are distributed in space. Linking the gel properties to network type is not well understood for even single component systems. There are very few reports where this is considered for multicomponent systems. Indeed, as one example, the observation that a multicomponent gel has higher a storage modulus than would be expected by simply comparing to the data for gels formed from the individual components has been used to assign gels as both self-sorted and intimately mixed. [26] [27] We have been investigating multicomponent hydrogels formed using pH-responsive LMWG (example structures are shown in Scheme 1). [27] [28] [29] [30] [31] Here, the LMWG form self-assembled aggregates at high pH above the apparent pKa of the terminal carboxylic acids; the structures can be spherical or worm-like micelles. [32] [33] [34] This is unsurprising, as they are effectively surfactants at this elevated pH. 32, 35 As the pH is decreased, they start to assemble into fibrous structures at the apparent pKa, which entangle and associate to form the gel network. 36 We typically lower the pH slowly and controllably using the hydrolysis of gluono--lactone (GdL) to gluconic acid, 37 or the hydrolysis of an anhydride. 38 These methods have proven very effective at allowing us to achieve reproducible kinetics of pH change and gelation. In a mixed system, there are multiple different situations conceptually possible depending on the absolute pH of the system and the relative apparent pKa of the different LMWG (Fig. 1) .
First, the self-assembled structures at high pH may not be affected by each other. Second, there may be mixing, and perhaps even new structures formed at high pH. Where the pH is decreased, assuming two independent pKa are maintained, the LMWG with the highest pKa will start to assemble into fibres first; in doing so, it will now be assembling in the presence of the second LMWG which will still have surfactant-like properties (we have previously shown that this type of LMWG can act as a surfactant 32, 35 ). This may fundamentally change how the first LMWG assembles, either co-operatively or disruptively. 39 After the first LMWG has assembled, the second LMWG will begin to form fibres. Here, there is already a fibre network present from the first LMWG, so this may template the second LMWG, or may simply use up some of the possible space.
There is a further complication depending on the relative amounts of each LMWG in the system. It is most common to mix equal masses of each LWMG, but of course this does not have to be the case. The apparent pKa of each component can be concentration dependent, 40 as can the micellar species at high pH. 32 Hence, this variable opens another complication to the system.
In this paper, we investigate the effect of relative concentration in a mixture of two LMWG.
We concentrate on determining whether co-assembly or self-sorting is occurring and on whether the structures formed at high pH are important in determining the gel network formed at low pH.
Results and discussion
In our previous work, we have found it very difficult to ascertain whether the solutions at high pH contain self-sorted or mixed micellar systems. To allow us to probe the system in a number of ways, here we have chosen two specific LMWG from our extended library. 2NapFF (Scheme 1) forms worm-like micelles at high pH, 32 whereas 2NapVG (Scheme 1) does not. 41 We hypothesized that this would allow us to easily probe the effect of mixing at high pH, where on the basis of previous work the viscosity and small angle neutron scattering data are expected to be dominated by the 2NapFF. 41 This pH range is significantly above the apparent pKa of both the 2NapFF and 2NapVG (6.0 and 5.0 respectively [40] [41] at a concentration of 5 mg/mL). We mixed aliquots of these solutions to provide a series of solutions with a number of different ratios of 2NapFF to 2NapVG. Here, it is important that both solutions are at the same pH; additionally, we note that for all of the following the absolute pH value is very important, with differences in absolute viscosity being observed depending on the pH. Hence, for all of the data provided below for viscosities and rheological data, a single batch of each stock solution were used to generate the mixtures. The qualitative trends are the same for different pH between 10 and 12, but the absolute values differ.
Mixing solutions of 2NapFF and 2NapVG such that the total concentration of LMWG was always 10 mg/mL gave translucent solutions at pH 11.0  0.2 (N.B., for some of the data below, D2O was used instead of H2O; pH differs from pD and hence the samples in D2O were adjusted such that the pH was the same for all samples [42] [43] ). As noted above, the pure 2NapFF solution was visibly viscous. The viscosity of the solution decreased approximately linearly as the solution was diluted with 2NapVG ( Fig. 2a) . This implies that the solutions are self-sorted, with the worm-like micelles present in the 2NapFF solution leading to the increased viscosity were simply being diluted on addition of the 2NapVG. A complication here is shear history. Samples that had been previously sheared and allowed to stand before further use showed significant increases in viscosity, and also exhibited a marked "stringiness" consistent with an increased extensional viscosity (see Fig. S1 , Supporting Information). Hence, solutions for which the viscosity was measured became more viscous with time. A number of studies ruled out that this effect was due to time and the shear applied by the rheometer for the viscosity measurements (up to 10 2 s -1 , as well as measurements at constant shear rate over extended periods of time). This increase in viscosity seems to arise from the very high shear rates applied when the samples are unloaded from the rheometer using a pipette (~10 3 -10 6 s -1 ). To quantify the effects of shear history on the extensional viscosity of the solutions, experiments where performed using a Capillary Break-up Extensional Rheometer ("CaBER") 44 supplied by Haake Thermo Scientific.
The diameter of the filament (D) is observed as a function of time (t) using the equipment's laser micrometer (resolution ~10 microns). Although the filament diameter data can be post-processed into an (apparent) extensional viscosity, the standard method to quantify extensional effects [44] [45] is via an exponential fit to the filament diameter as a function of time in the elasto-capillary regime to determine a characteristic relaxation time, , (more correctly a characteristic time for extensional stress growth). Representative plots are shown in Fig. 2c , where the effect of shear history can be seen to dramatically increase this characteristic time . Because of this interesting behavior, all of the following data was collected for fresh samples that had not been exposed to any additional shear history beyond that needed to freshly prepare the samples. Additionally, the uncertainties calculated for the viscosity data shown in Fig. 2 were calculated from multiple fresh samples.
Solutions containing different ratios of 2NapFF and 2NapVG were then gelled. To do this, we used GdL, which hydrolyses slowly and reproducibly to gluconic acid. 37 For all ratios, we used a fixed amount of GdL (10 mg/mL). With this amount of GdL, all of the ratios formed selfsupporting hydrogels overnight ( Fig. 2b) with the pH of all the gels at this point being 3.7 ± 0.1.
Interestingly, despite the near linear trend at high pH of a decreasing viscosity with increasing content of 2NapVG, the storage modulus (G) for the final gels is very non-linear ( from left to right, data are shown for a sample at 100% 2NapFF, 70% 2NapFF and 30% 2NapFF.
The black data are for fresh samples, with the fit shown as a black line. The red data are for samples that have been sheared through a pipette tip, with the red line being the fit to the data.
The horizontal dashed line highlights the resolution of the laser micrometer.
The small angle neutron scattering (SANS) data for the gels can be best fit to a combination of a flexible elliptical cylinder, in combination with an absolute power law to fit the low Q region; the low Q region is sensitive to the fractal scattering from the network structure ( To explain the non-linear rheology at low pH arising from solutions with approximately linear trends in viscosity, we examined the solutions at high pH in more detail. The increase in extensional viscosity on shearing even at very low concentrations of 2NapFF in the mixture (see above) implies that the 2NapVG is involved in the self-assembled structures, since it is difficult to imagine how such high viscosities can be achieved at the low concentrations of 2NapFF. To probe this, we turned again to SANS. We have previously shown that the SANS data for solutions of 2NapFF at high pH can be fitted to a hollow cylinder model, again combined with a power law component to fit the low Q region. 32 The scattering data from all of the solutions of 2NapFF and 2NapVG at high pH were found to fit well to this model, apart from the data for pure 2NapVG (Fig. 3a and Fig. S7 and S8, Supporting Information). The pure 2NapVG exhibited very low scattering at high pH and the data could be fitted well to a power law alone.
From the fits to the data from the other solutions, it can be seen that the internal and external radii of the hollow cylinder do not vary much across the dilution series. For pure 2NapFF, the core radius determined from the fit is 1.50 ± 0.11 nm, and the external radius is 4.06 ± 0.10 nm, in close agreement with our previous data. 32 At 70 %, 50%, and 30% 2NapFF, the core radii are
1.66 ± 0.18, 1.58 ± 0.22, and 1.57 ± 0.3 nm respectively, and the external radii 3.79 ± 0.13, 3.86 ± 0.15, and 3.90 ± 0.22 nm respectively. Further, from the scattering intensities, it is clear that there is not a linear decrease in intensity across the dilution series (Fig. 3d) . This again implies that the two LMWG are not completely self-sorted at high pH and potentially the structures formed are directed by the 2NapFF in a "sergeants and soldiers" manner. [46] [47] Further evidence for this comes from a direct comparison between solutions of 2NapFF diluted with solutions of 2NapVG and those diluted with D2O (for SANS experiments, it is necessary to replace the H2O solvent with D2O). Here, at high ratios of the 2NapFF, the scattering is very similar in intensity between the two methods of dilution (Fig. 3b) . However, for the low ratios of 2NapFF, there are significant differences between the dilution methods ( Fig.   3c ). On diluting 2NapFF with D2O, the scattering is significantly decreased, especially at high Q.
This is similar to what we showed previously for diluted solutions of 2NapFF. 32 However, on dilution with the 2NapVG, the scattering was significantly higher as compared to the dilution with D2O, and still showed the characteristic scattering of the hollow cylinders (Fig. 3c) . All of these data strongly imply that the solutions are not self-sorted at high pH, but rather the assembly is directed by even relatively low amounts of the 2NapFF.
Finally, further evidence for interaction at high pH comes from NMR spectroscopy (Fig. 4) . In the absence of 2NapFF, selective excitation of the methyl protons of the valine residue enhances the signal of the neighbouring CH protons (Fig. 4a) . Such a positive NOE is indicative of fast molecular motions, indicating minimal aggregation of the gelators. As the proportion of 2NapFF is raised, the size of the enhancement diminishes and becomes slightly negative, indicating a significant decrease in the molecular mobility of the 2NapVG due to interaction with the 2NapFF. 48 Furthermore, the chemical shifts of the aromatic protons of 2NapVG are shifted upfield by the presence of the 2NapFF, consistent with an increased level of aggregation (Fig.   4b ). We interpret these data as there being a significant proportion of the 2NapVG that is exchanging in solution with the assembled structures of the 2NapFF. Since the 2NapVG is detectable by NMR (and indeed the concentration detected scales with the expected amount in the mixture (Fig. S9, Supporting Information) , the 2NapVG must be exchanging with the assembled structure at a faster rate than the 2NapFF molecules. Hence, these data suggest that both molecules are present in the same aggregates at high pH. The aromatic 1 H chemical shifts of the 2NapVG are moved upfield in the presence of 2NapFF (Fig. 4b) . The shifts of the amino acid side chains are much less affected. Based on the work of Orfi et al., 50 we therefore infer that the hydrophobic naphthalene group penetrates the structures formed by the 2NapFF while the negatively charged peptide motif of the 2NapVG remains in contact with the external solution.
The 2NapVG is thus behaving as a surfactant. However, on drying it is clear that exchange must be occurring, as the dried solutions show both worm-like micelles (expected from the 2NapFF) and ill-defined aggregates (expected from 2NapVG on the basis of other work). Example SEM images are shown in Fig. S10 , Supporting Information.
Having determined that there is mixing at high pH, the next question arising is whether selfsorting occurs when the pH is decreased. It is conceptually possible that the aggregates at high pH might template assembly such that a mixed fibre system is formed. Alternatively, the two components could re-order such that self-sorted fibres are formed (Fig. 1) . For previous mixtures of related LMWG, we have exploited the hydrolysis of GdL to gluconic acid to provide a controlled, reproducible slow change in pH to allow a combination of pH measurements, NMR integration, and rheological data to be collected over time to probe for self-sorting on gelation. 27, [30] [31] Others have now also used this approach.
15, 51-52
For the systems here, we have followed the gelation using 1 H NMR spectroscopy. Here, we measure the sample over time; as the gelators assemble, the signals attenuate and the signal intensity decreases. Hence, it is possible to judge whether self-sorting has occurred from whether one gelator disappears from the NMR spectra at a different time to the second. In some cases, it is possible to observe two distinct plateaus in the pH data if the pKa of the two gelators is sufficiently different. 28, 30 In the current work, we have also exploited a method developed in house to measure the pH in situ in the NMR tube. 53 Here, for the mixtures, a difficulty is that the signal intensity for the 2NapFF is low even at high pH, when less than 20% is detectable by NMR at 10 mg/mL concentration. 32 We have described this before; 32 we interpret this as the 2NapFF forming persistent worm-like micelles that mean that the gelator is spending most of the time at high pH as part of a self-assembled structure. Strong saturation-transfer-difference (STD) effects are apparent to the NMR-visible 2NapFF as it interacts/exchanges with these structures (Fig. S11, Supporting Information) . As such, it is not possible to monitor effectively the assembly of the 2NapFF by NMR. The 2NapVG, however, is detectable across the concentration series, which implies that at high pH the gelators are essentially unassembled (Fig. S9, Supporting Information) . No significant STD effects are observed to the 2NapVG at high pH, indicating a minimal degree of aggregation compared to the 2NapFF.
For 2NapVG alone, the pH and NMR data are as expected (Fig. 5d) . The pH drops to a plateau at the expected pKa of the gelator (5.0). The shape of the pH data is similar to that shown elsewhere for samples where the pH is changed using GdL; 36, 54 the pH drops to a value slightly below the apparent pKa, before increasing to the pKa value, and then buffers before decreasing again. At this pH drop and increase, the signal intensity of the 2NapVG starts to drop, and completely attenuates over several hours. For 2NapFF alone, the pH falls to around the expected pKa of the compound and then exhibits a smooth decrease. There is no rise in the pH followed by a plateau as the structures are already assembled (Fig. S12, Supporting Information) . No 2NapFF is detectable by NMR following the addition of GdL. For the mixtures, the situation is more complicated than would be expected from our previous reports on self-sorted two component gelators. 27, 31 This in itself implies that the situation is more complicated than simple self-sorting. In the absence of 2NapFF, the assembly of 2NapVG occurs at a progressively lower pH as the concentration of gelator is decreased (Fig. S13 , Supporting Information). As discussed elsewhere, the apparent pKa of a gelator is determined by its degree of aggregation and thus its concentration. 15, 40, 55 By analysis of the pH profiles and 2NapVG signal intensities, it is readily apparent that the assembly of the 2NapVG is strongly influenced by the presence of the 2NapFF. At 30% 2NapFF, the pH drop does not have a distinct increase at the apparent pKa of the 2NapVG (4.7 at 7 mg/mL 2NapVG). However, there is an inflection point at this pH value. The decrease in the signal intensity of the 2NapVG occurs significantly before the pH reaches the expected pKa, although the rate of the decrease in signal increases after this pH. At 50% 2NapFF, the pH decrease has no obvious inflection points at the apparent pKa of 4.5. The intensity of the 2NapVG integral again decreases at a pH far higher than the apparent pKa of the 2NapVG. Only approximately 20% of the 2NapVG is detectable by NMR at its pKa.
At 70% 2NapFF, the pH data again shows no inflection. In the absence of 2NapFF, 2NapVG at 3 mg/mL concentration remains unassembled, even when the pH has fallen to 4.2 (Fig. S13 , Supporting Information).
These data strongly suggest a co-assembly of the two gelators, at least at certain relative concentrations. At 50% and 30% 2NapFF, there is a fraction of the 2NapVG that seems to behave as expected in terms of the rate of signal decrease with pH. However, a significant fraction of the 2NapVG signal intensity decreases before the expected pKa, implying that it is coassembling with the 2NapFF.
Hence, we interpret the non-linear rheological data as being due to a spectrum of behaviour across the series of mixtures. The 2NapVG is exchanging in solution with aggregates determined by the 2NapFF in a "sergeants and soldiers" manner. Because of the fast exchange however, only a proportion of the 2NapVG is incorporated in the gel fibres formed by 2NapFF as the pH drops.
The remainder of the 2NapVG will presumably be able to act as a surfactant as the gelling is occurring, potentially modifying the fibre network that is growing (again, we have previously shown that this type of LMWG can act as a surfactant 32, 35 ). We stress here that this does not have to be a modification of the fibres themselves; rather it could be that the 2NapVG modifies the tendency of the 2NapFF fibres to entangle and cross-link. This would then affect the rheological data of the gel, without requiring a significant change in the morphology of the fibres. After the 2NapFF has gelled, the remainder of the 2NapVG will form fibres, contributing to the rheological data. Schematically, we illustrate this in Fig. 6 . Hence, the gel's mechanical properties will be very sensitive to the absolute ratio of the 2NapFF and 2NapVG, as well as to the kinetics of gelation, which will presumably determine how much 2NapVG is incorporated into the fibres that are being directed by the 2NapFF. 
Conclusions
Two component supramolecular gels are extremely complex. There is ever increasing interest in these multi-component systems, but there are few studies showing how the assembly is affected by the relative ratios of the components. It is clear from our data here that kinetics is an extremely important factor. For these pH-triggered gelators, there are non-linear effects in terms of the rheological data. Conceptually, the two components can inter-mix or remain independent at high pH, and then co-assemble or self-sort as the pH is decreased. Here, we have shown that the situation for a mixture of 2NapFF and 2NapVG is more complex than these simple either/or cases. At high pH, inter-mixing is occurring, at least to some degree. As the pH is decreased, there is a partial co-assembly of the two gelling components. From the NMR data, there are clearly two stages by which the 2NapVG assembles in the mixtures. The first stage is above the expected pKa of the 2NapVG. The fraction that assembles above this expected pKa depends on the mixture ratio. We assign this stage to co-assembly of both LMWG. At later times, the pH drops to the pKa of the 2NapVG and there is a different rate of assembly. Hence, we assign these as a co-assembly stage and a stage where the 2NapVG assembles alone. When assembling alone, it is possible that the 2NapVG is forming an independent network, or it could be that it is assembling on the pre-formed mixed network. As a result of this complicated situation, the rheological data for the gels formed at different ratios of the two gelators are non-linear, despite the fibres forming the networks being similar in all cases.
We have shown previously for this family of gelator that self-sorting can be controlled by the differences in pKa for a number of examples. 27, [30] [31] However, we have previously found one example where co-assembly occurred despite a difference in pKa of around one unit; this example involved two structurally similar gelators, which only differed by the terminal amino acid. 27 As such, it is clear that a difference in pKa is not a sufficient driving force for self-sorting.
Whilst the current two gelators are not as structurally related as our co-assembling example, we also note that the system presented here involves one LMWG that forms persistent worm-like micelles. It may be that the type of micelle formed at high pH is important as our previous examples of effective self-sorting have been for systems where both gelators form non-persistent micelles at high pH. We note again that there are very limited data on mixed gelators and selfsorting or mixing and, in some cases, the type of assembly seems to be assumed as opposed to proven. 7 In this paper, we have shown that simple assumptions as to whether or not co-assembly or self-sorting are occurring in a system may not always hold and that simply mixing at one specific ratio is insufficient to truly understand these systems.
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